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We have used ab initio simulations to study the doping efficiency of amorphous semiconductors, in particu-
lar of B-doped amorphous Si. We have found that even in the optimum case of substitutional doping in
dangling-bond free amorphous Si the holes provided by B atoms do not behave as free carriers. Instead, they
are trapped into regions with locally distorted bond angles. Thus, the effective activation energy for hole
conduction turns to be the hole binding energy to these traps. In the case of high B concentration, the trap states
move deeper in the gap and the binding energy and spatial localization of holes increase. In addition, B atoms
have lower energies for shorter bond lengths, configurations favored in the vicinity of these traps.
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The possibility of doping amorphous Si a-Si and hydro-
genated amorphous Si a-Si:H and their lower production
cost with respect to crystalline Si c-Si have made them the
materials of choice for many different applications in opto-
electronics and photovoltaics.1 Nevertheless, these materials
have an unexpected low doping efficiency,2 which limits
their use in device applications.
Doping in amorphous materials poses various interesting
questions not encountered in crystals. In tetrahedral amor-
phous semiconductors, dopants are thought to become elec-
trically active when they are in a fourfold configuration,
known as substitutional doping, and thus they can provide
the material with a carrier.3 However, relaxation effects in
the amorphous matrix can be substantial after the incorpora-
tion of dopants so that it is not obvious a priori whether they
will end in a doping configuration or not.2 In addition, amor-
phous networks have tail states in the valence and conduc-
tion bands usually of exponential “Urbach” form that may
be localized or extended albeit with poor connectivity in
space,4 as well as localized midgap states commonly associ-
ated to dangling bonds which are induced by threefold co-
ordinated Si atoms.2 Experiments indicate that the majority
of the excess carriers introduced by dopants does not occupy
shallow tail states as it would be expected in an ideal intrin-
sic material but rather midgap states.2 In addition, it has been
also found that the carrier mobility is degraded and the acti-
vation energy for conduction increases when increasing the
dopant concentration,5 findings that are characteristic of
highly localized trapping states. As a consequence, the dop-
ing efficiency is reduced.
Several plausible arguments have been developed for ex-
plaining these observations. Some authors proposed that
dopants induce midgap states,2,5 while others, based on
experiments6 and subsequent calculations,7 argued that H
passivation plays an important role in a-Si:H, the material of
interest for photovoltaic applications rather than pure a-Si. In
both arguments the low doping efficiency is attributed to the
influence of external factors, namely, dopants or H atoms.
Apart from these widely accepted factors, there are indica-
tions that carrier traps can also be generated by highly dis-
torted bonds. Using tight-binding calculations Bagolini
et al.8 found that distorted bond angles can localize elec-
tronic states in a-Si. Using ab initio calculations Wagner
et al.9 found that optical excitations can generate distorted
bond angles in a-Si, which act as hole traps. In addition,
other theoretical works found that sufficiently distorted bond
angles generate midgap levels rather than shallow levels
without the intervention of dangling bonds or floating bonds
which are induced by fivefold Si atoms.10 Nevertheless, the
present understanding of how these traps may influence the
free-carrier concentration is rather incomplete.
In this work we have used ab initio simulations to address
the analysis of the low doping efficiency of B-doped a-Si,
the main p-type dopant in Si. We focus our study on substi-
tutional B doping of dangling bond free pure a-Si. This can
be considered the most ideal situation not influenced by any
external factor and the limit case for an optimal technologi-
cal matrix. In this scenario, we analyze the spatial localiza-
tion of the holes introduced by B atoms, and the electronic
density of states EDOS of the resulting doped material in
order to evaluate the possible role of intrinsic features of the
amorphous matrix in controlling the free hole concentration.
For this Brief Report we employ two different cubic a-Si
cells containing 64 and 216 atoms, which are generated us-
ing the procedure proposed by Barkema and Mousseau.11
The calculations presented in this work are referred to the
64-atom cell, while the 216-atom cell is used to test the
obtained findings in a larger simulation cell. Periodic bound-
ary conditions are employed in all spatial directions. We
use the density-functional theory code VASP Refs. 12 and
13 with generalized gradient approximation ultrasoft
pseudopotentials.14 The energy cutoff chosen is 230 eV in all
calculations. We use a 444 Monkhorst-Pack k-point
mesh for EDOS calculations in the 64-atom cell, and 22
2 for cell relaxations, and also for EDOS calculations in
the 216-atom cell. Although the amorphous simulation cells
are generated externally to VASP, they barely change at all
when they are relaxed with ab initio interactions. After this
relaxation all the Si atoms in the amorphous cells are four-
fold coordinated, i.e., there are neither dangling nor floating
bonds. While the atomic bond lengths and bond angles in
c-Si are dc-Si=2.36 Å and c-Si=109.47°, the corresponding
averaged values in the a-Si cells used are da-Si
=2.370.08 Å, and a-Si=10910°, respectively. These
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values are within the expected range of well-relaxed
computer-generated a-Si cells.11,15
We have considered 64 different B configurations by suc-
cessively replacing each of the Si atoms of the 64-atom cell
by a B atom. By sampling all 64 sites, we accumulate some
reasonable statistics. We performed relaxations of both the
atomic positions and cell shape and volume to find the near-
est local minimum energy configuration for each replace-
ment. In all the resulting structures, B atoms are fourfold
coordinated, and thus, they are expected to provide the
sample with one hole. The average B bond length is
2.070.06 Å, in agreement with the obtained in c-Si of
2.08 Å. In the case of an ideal acceptor, the hole would be in
a shallow state locally extended around the dopant.16 How-
ever, this did not happen in our simulations. In Fig. 1 we
represent the hole localization for different B configurations
in the 64-atom cell. For the configuration shown in Fig. 1a,
the hole is localized far from the B atom. In fact, we found
that, independently of the position of the B atom, the hole is
localized at the same region of the cell with a similar density
distribution. This region is represented in Fig. 1 by the col-
ored Si atoms, and the hole localization by the shadowed
areas. When the B atom is situated at this region Fig. 1b,
the hole-localization is even stronger. We have also analyzed
the situation where two Si atoms are replaced by B, repre-
senting the case of high dopant concentration. For that pur-
pose, we selected two Si atomic positions more than 7 Å
apart from the red atoms of Fig. 1 and 5.5 Å from each
other. The resulting configuration is shown in Fig. 1c, to-
gether with the spatial localization of the holes provided by
B atoms. As it can be seen, the holes are again at the same
zone, and not in the neighborhood of B atoms.
To elucidate whether the hole-localization region is in-
duced by the B atoms or it exists even in the absence of
acceptors, we analyzed the undoped 64-atom cell with posi-
tive charge, a-Si64+, i.e., with the same number of electrons
than the studied neutral B configurations, a-Si63B0. The
resulting hole localization, shown in Fig. 1d, is very similar
to that of Fig. 1a. We also considered the case of adding
two holes to the a-Si cell not shown and their localization
agreed with that shown in Fig. 1c. Therefore, the region of
interest is not induced by the B atoms but it is inherent to the
a-Si matrix. In this sample we have found that when there
are not holes available in the cell for example, in a-Si640
or a-Si63B− configurations not shown in Fig. 1, some of
the bond angles at the hole-localization region are 90°.
When one hole is captured Figs. 1a, 1b, and 1d, the
bond angles in the colored zigzag become more distorted
85°, and the distortion is even higher when two holes are
captured, with angles 75° for example, in Fig. 1c. Fur-
thermore, one of the Si atoms involved in the hole-
localization region in particular the Si atom replaced by B in
Fig. 1b is almost in a “flat configuration” in all the charge
states, i.e., with three angles adding 360°. The relation
between distorted bond angles and hole localization agrees
with previous studies.8,9 Our results also indicate that the
hole affinity of these regions is higher than that of B accep-
tors. Additionally, the bond distortion increases with the
number of holes localized on it, independently if they come
from B atoms or from charge modifications in the undoped
a-Si cell.
We have studied the EDOS of the configurations of Fig. 1,
which are represented in Fig. 2. When the B atom is far from
the distorted region Fig. 1a, the EDOS Fig. 2a has a
shallow state near the top of the valence band. The position
of the Fermi level indicates that the added hole is at the state
associated with that peak. The same comment holds true for
the case of placing the B atom at the distorted region Fig.
2b. Nevertheless, the combination of the acceptor nature
of the B atom with the hole affinity of the distorted region
results in the stronger localization of the hole around the B
atom Fig. 1b. In both of the previous cases there is a good
agreement with the EDOS of the a-Si cell positively charged
specially when the B atom is far from the trapping region,
which also has a peak near the valence-band edge VBE.
When there are two B atoms in the a-Si cell Fig. 1c, the
EDOS Fig. 2c shows a midgap peak. Since the Fermi
level is at the VBE, the two holes are at the states associated
with that peak. A very similar EDOS is obtained for the
undoped a-Si cell when two holes are added to it. In Fig.
2d we compare the EDOS of the neutral undoped a-Si cell,
with that of a B-doped a-Si cell with negative charge in
particular with the B atom at the same position as in Fig.
1a, showing a very good agreement. Thus, in all cases the
doped and undoped a-Si cells with the same total number of
electrons have a very similar EDOS.
From these results we conclude that there is a hole trap
HT in the a-Si cell, which is associated with a region with
highly distorted bond angles and captures holes provided by
B atoms. Furthermore, its energy level changes its position in
the gap according to its occupancy. When the HT is not
occupied by holes, its energy level is stuck to the valence
FIG. 1. Color online Hole spatial localization in 64-atom cells
with a a B atom far from the HT region, b a B atom at the HT,
and c two B atoms far from the HT, d as well as in a positively
charged undoped cell. The dark shadowed areas show the isosurface
at 50% of the maximum hole density. B atoms are black and
marked by arrows. Si atoms are white and red gray. The red Si
atoms indicate the position of the HT.
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band. As one or two holes are captured, the level goes deeper
and deeper in the gap. We have checked that, in contrast, the
addition of one or two electrons a-Si64−1 and a-Si63B−2
cells produce neither gap states nor relevant changes in the
EDOS not shown.
We have evaluated the hole binding energy, Eb, for the
different changes in the HT occupancy as
Eb
+/0
= ET
0
− EVBE
0
− ET
+
, 1
Eb
++/+
= ET
+
− EVBE
+
− ET
++
, 2
where ET is the total energy and EVBE is the energy of an
electron at the VBE when the HT has no holes  0, one  +
or two holes  ++. Eb turns to be the effective activation
energy for hole conduction. It is noteworthy that, due to
atomic rearrangements when adding/removing holes, Eb can-
not be simply calculated as the energy difference of the
EDOS peaks to the VBE. The obtained energies for the un-
doped cell are Eb
+/0
=0.16 eV and Eb
++/+
=0.29 eV. In a-Si
cells with one B atom, the energies are Eb
+/0
=0.150.03 eV and Eb
++/+
=0.270.07 eV, which are
comparable with those of the undoped a-Si cell. In the case
of Fig. 1c, we found Eb
+/0
=0.13 eV and Eb
++/+
=0.20 eV,
which are slightly lower than in the previous cases. This
difference might be due to rearrangements when relaxing the
cell with two B atoms since they have shorter bond lengths.
In any case, Eb increases with the occupancy of the HT. The
good agreement in Eb for the doped and undoped a-Si cells
indicates that it is controlled by the HT and not by the B
atoms.
In the 216-atom cell we also found that holes provided to
the sample by modifying the charge state or by replacing
one or two Si atoms at different positions of the cell by B
were localized in a region associated to highly distorted bond
angles, which also acts as a HT. These findings were con-
firmed by the analysis of the EDOS since the holes were at
the states associated with the HT. In addition, we have found
that Eb=0.12 eV for the doped and undoped 216-atom cells,
which also indicates that the binding energy is controlled by
the HT.
According to these results, we schematically show in Fig.
3 the effect of the HT in the B doping of a-Si. In an ideal
scenario B atoms would have associated a shallow level near
the VBE, and they would release easily their hole to the
valence band. However, this does not occur when HTs are
present since they capture the holes provided by B atoms.
Once a hole is captured, Eb increases from some meV sup-
posing a shallow level for B atoms to 0.15 eV. If the B
atom is at the HT, the hole has a stronger spatial localization.
For high B concentration, two holes are trapped and Eb is
higher, 0.3 eV.
This picture helps to understand the role of HTs on B
doping in a-Si. B atoms can behave as acceptors in the sense
of providing the amorphous matrix with holes, but they are
ineffective in doping since the HTs capture the available
holes. The other appealing feature is that as holes are cap-
tured into these traps, Eb increases. Hence, a-Si exhibits a
“self-trapping” behavior for holes through these HTs, with
higher hole affinity when holes are already trapped. This can
contribute to increase the activation energy for conduction at
high B concentration.5
We have also analyzed the energetics of B atoms by cal-
culating their energy, B, at the 64 different positions in the
64-atom cell as
B = Etota-Si63B− −
63
64
Etota-Si640 . 3
We have considered negative charged cells a-Si63B− to
minimize the distortion induced by the capture of holes at the
HT. The results with neutral cells a-Si63B0 are qualita-
tively similar but with higher dispersion. We found that when
B atoms replace Si atoms with shorter Si-Si bonds, the re-
sulting B-Si bonds are shorter and energetically more favor-
able, as shown in Fig. 4a. In Fig. 4b we show the distance
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FIG. 2. Color online a–c EDOS of the corresponding B
configurations of Fig. 1, together with EDOS of the undoped cell
with the same number of electrons. d EDOS of the neutral un-
doped cell, together with the EDOS of a B-doped a-Si cell with
negative charge where the B atom is at the same position as in Fig.
1a. The origin of energies is at the conduction-band edge CBE
for convenience. The Fermi levels are indicated by vertical dashed
lines. The shadowed area schematically shows the electronic filling.
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FIG. 3. Color online Band scheme showing the effect of the
studied HT in the B doping of a-Si see text for details.
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of B atoms to the HT as a function of the average B bond
length. We define the HT position as the center of mass of
the red atoms of Fig. 1. B atoms placed at the red positions
of Fig. 1 are labeled as “At HT,” B atoms at the first bond-
connected positions as “first neighbor,” etc. Diamonds repre-
sent the average on the distances of the groups. We found
that, despite the scattering of the data, the distortion around
the HT results, on average, in shorter B bond lengths and
hence in B configurations with lower B. Then, B atoms
could be retained preferentially near the HT affecting their
diffusion through the a-Si matrix.
In conclusion, we have found that, even in the most ideal
situation of substitutional B doping of fourfold coordinated
a-Si, the doping efficiency is highly influenced by the pres-
ence of HTs in the amorphous matrix associated to distorted
bond angles. These HTs capture the available holes. Hence,
the effective activation energy for hole conduction is not the
ionization energy of the B atom but the binding energy of the
hole to the HT. This binding energy depends on the HT oc-
cupancy, increasing with the number of trapped holes. The
case of two holes at the HT high B concentration results in
a midgap level without the intervention of dangling bonds. In
addition, the distortion induced by the HT results, on aver-
age, in shorter B bond lengths at its vicinity, which also
results in B configurations with lower energy.
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FIG. 4. Color online a Energy of B atoms as a function of the
average B bond length. The dashed line is a fit to the data. b
Distance of B atoms to the HT as a function of their average bond
length. Diamonds are the average value of the groups, and the
dashed line is to guide the eye.
BRIEF REPORTS PHYSICAL REVIEW B 81, 033203 2010
033203-4
